Based on IR and Raman spectroscopy data, it was determined the minimum size of a chain segment (torsional-vibrational segment) and we found that low-energy vibrational excitations in polymethylmethacrylate (PMMA) and its oligomers with a degree of polymerization n=2,7,9 and 50 are due to the low-angle correlated torsionalvibrational dynamics preparing the relaxation mobility of macromolecules.
Introduction
As it is well known, depending mainly on the time-temperature scale at which they are studied, amorphous polymers exhibit viscoelastic behavior which involves different molecular motions, with very different dynamics. At low temperatures or short times, the molecular mobility is generally considered as localized and leads to a macroscopic mechanical or dielectric behavior, so called secondary relaxations. These motions are often described as rotations of lateral groups or as crankshaft motions of main chain segments. Though much work has already been published on the subject, the origin of these relaxations is still uncertain. In most currently manifestation molecular mobility in glassy polymers associated with low-energy excitation of the type: a) low-angular libration of monomer units of chain or molecules; 1 b) correlated vibrations, manifesting as a boson peak (BP) in the IR and Raman spectra, 2 and c) reorientation processes, manifesting as fast relaxation phenomena. 3 The nature of BP is currently widely discussed. A number of authors believe that the appearance of additional quasi-local vibrational modes is associated with the existence of medium-order and cohesive inhomogeneity in disordered media. 4 Others relate them to correlated vibrations: for example, in quartz-torsional vibrations in a chain of several SiO4 tetrahedra. 5 In a previous paper 6 Based on our comparative study of IR and Raman spectra of these low-energy excitation plasticized polymethylmethacrylate (PMMA) were presumably attributed to the librational motion of the polymer chain segment the size in several monomer units. The purpose of this paper is to experimentally test this assumption.
IR and Raman spectroscopy
IR and Raman spectroscopy have ample opportunities to solve a wide range of complex problems. Both techniques are completely complementary providing characteristic fundamental vibrations that are extensively used for the determination and identification of molecular structure. Although some vibrations may be active in both Raman and IR, these two forms of spectroscopy arise from different processes and different selection rules. In general, Raman spectroscopy is best at symmetric vibrations of non-polar groups while IR spectroscopy is best at the asymmetric vibrations of polar groups. Infrared and Raman spectroscopy involve the study of the interaction of radiation with molecular vibrations but differs in the manner in which photon energy is transferred to the molecule by changing its vibrational state. IR spectroscopy measures transitions between molecular vibrational energy levels as a result of the absorption of IR radiation. This interaction between light and matter is a resonance condition involving the electric dipole mediated transition between vibrational energy levels. Raman spectroscopy is a two-photon inelastic light-scattering event. Here, the incident photon is of much greater energy than the vibrational quantum energy, and loses part of its energy to the molecular vibration with the remaining energy scattered as a photon with reduced frequency. In the case of Raman spectroscopy, the interaction between light and matter is an off-resonance condition involving the Raman polarizability of the molecule. The IR and Raman vibrational bands are characterized by their frequency (energy), intensity (polar character or polarizability), and band shape (environment of bonds). Since the vibrational energy levels are unique to each molecule, the IR and Raman spectrum provide a "fingerprint" of a particular molecule. The frequencies of these molecular vibrations depend on the masses of the atoms, their geometric arrangement, and the strength of their chemical bonds. The spectra provide information on molecular structure, dynamics, and environment.
Low-frequency IR and Raman studies in the 400-10 cm -1 region constitute only a small part of molecular spectroscopy but they demonstrate their unique possibilities for investigating polymers. IR and Raman spectroscopy is traditionally applied for investigation of the high-frequency group of vibrations situated in a spectral region where only the main valences are deformed; these vibrations are purely intramolecular and, therefore, not influenced by changes in the polymer system. In contrast, most of the low-frequency vibrations are intermolecular, which means that they consist of collective excitations and are determined by the packing of chains in the lattice. The problems of the lattice and quasi-lattice vibrations, sensitivity to the conformational state of a chain and anharmonicity of vibrations, intrinsic vibrations of hydrogen bonds, the motion of heavy ions in ionomers and coulombic interactions have been widely discussed and they all look attractive for future investigations. For polymers, the lowfrequency region is of crucial interest because there the relaxational type of spectrum and the resonant type coexist. Special attention was
given to the way how information about molecular motions giving rise to β-, γ-and δ-transitions in glassy polymers can be obtained from far IR and Raman spectra in addition to the other experimental data, e.g. by differential scanning calorimetry. The experimental evidence of the mechanism of δ-relaxation, as a hindered rotation (libration) of monomeric units, as well as of β-relaxation as a reorientational motion of the chain part (close to the magnitude of the statistical segment) surmounting primarily the intermolecular potential barriers are essential. The main characteristics of these transitions were found to be related to main molecular parameters of polymers such as the structure of the monomeric unit, thermodynamic chain rigidity, cohesion energy, and the potential barrier to internal rotation. The discussions in this review stress the usefulness of the low-frequency IR and Raman spectra for the study of the chemical and physical structure and for the elucidation of the molecular dynamics in polymeric materials. We are sure that many more applications will appear as the instrumental techniques are improved and our theoretical understanding increases.
Materials and methods
Samples of amorphous PMMA and its short-chain oligomers with a degree of polymerization n=2,7,9, and 50 were synthesized at the Institute of Chemical Physics RAS using catalytic chain transfer to the cobalt porphyrin molecule. 7 All of them, except for the dimer, were prepared in the form of films with a thickness of 10 to 100 μm for recording the IR spectra and in the form of parallelepipeds with polished edges for obtaining Raman spectra. Dimer was placed in a cuvette with windows of poly-4-methyl-1-pentene, transparent at low frequencies. The measurements were carried out at two temperatures: room temperature and liquid nitrogen temperature. The IR spectra were recorded on two spectrometers: in the range from 10 to 50 cm -1 at the spectrometer of the Leningrad State University, 8 upgraded with an OAP-7 receiver and a new filtration system, and in the range 50 -130 cm -1 using an FIS-21 Hitachi spectrometer. The resolution was 1-2 cm -1 . The accuracy of determining the position of the maximum of the bands was 2-3 cm -1 . The measurement error of the absorption coefficient k=ln (J 0 /J) / (t-t 0 ) ,where J 0 and J are the transmittances of samples with a thickness of t 0 and t, respectively, was 5-10%. Raman spectra were recorded on a Ramalog-5 double monochromator in a 90 0 scattering geometry. The spectra were exited with the 488 nm line of an argon laser (the radiation power was 0.1 W. The spectral width of the slit was 2 cm -1 . The scattering intensity spectra I (ν), averaged over ten scans in the region of 5-130 cm -1 , were normalized taking into account the spectral function of the instrument and the frequency scattering factor. The calculation of low-frequency Raman spectra, based on the obtained experimental spectra, was carried out by converting the latter according to the formula widely used in the literature: 9,10
The representation of the Raman spectrum in the coordinates
ν + ] has the advantage that it can significantly reduce the contributions of the elastic (Rayleigh) and relaxation components of the scattering wing. In addition, the recalculated spectra are directly comparable with the spectra of dielectric loss ε "(ν). Since at optical frequencies the absorption coefficient k is proportional to ν•ε" (ν), the spectrum ( ) ( ) Figure 1 shows the Raman and IR spectra of PMMA and its oligomers in the range of 10-150 cm -1 in the coordinates ( ) ( ) /( 1 IR I N ν ν = + ) and k/ν, respectively. They have the typical for low-frequency spectra of linear amorphous polymers the form of a broad asymmetric band with a maximum at 80-90 cm -1 and a shoulder at the frequency of the boson peak at 15-20 cm -1 . The inset shows their experimental Raman and Fir-spectra at the same frequencies. The arrows indicate the position of the boson peak in the spectra. Earlier studies of lowfrequency IR spectra of low-molecular substances and polymers make it possible to attribute the considered band to absorption due to the libration (rotational vibrations) of monomeric units in PMMA macromolecules, that is, to the absorption by the Poley mechanism. 11 To the same vibrations should be assigned and the discussed band in Raman spectrum of PMMA, having a comparable contour and close frequency position of the maximum. 12 A slight broadening of the band and a shift of its maximum towards low frequencies in the spectra of oligomers are apparently caused by an increase in the amplitude and anharmonicity of the librational vibrations in low-molecular analogs of PMMA. The identity of the mechanisms of band formation in the low-frequency IR and Raman spectra of condensed media is confirmed by numerous data. 13 In one of the simplest models used to analyze absorption by the Poley mechanism, 14 the libration motion of a molecule with the moment of inertia (I) takes place within the potential well formed by its nearest environment, having the form ( ) 
Results and discussions
Where 0 U is the potential well depth ξ is its half-angle aperture (width at a height equal to half the full barrier), φ is the amplitude of libration. The model predicts the position of the maximum of the libration band in the low-frequency spectra of polar and non-polar liquids. The intermolecular barriers of the libration motion found with its help correspond to those obtained by other methods. 15 A similar approach for polymers gives good agreement with the experiment, provided that the monomer unit is the librator. In such calculations, it is assumed that the librator has the shape of a ball with the moment of inertia I =2MR 2 /5, where M is its molecular weight and R is the equivalent radius. In the case of PMMA, estimating the size of a librator by ν libr =95 cm -1 in expression (1), starting from the activation energy of the δ transition 16 and the presence of limited torsional vibrations in macromolecules with an amplitude of 10-15 0 , 17 gives R=0.25 nm, which is close to the van der Waals radius of the monomeric unit of this polymer.
The result obtained is an additional argument in favor of assigning a band with a maximum at 95 cm -1 to low-frequency Raman and IR-spectra of PMMA and its oligomers to the libration movement of the monomeric unit of the macromolecule. Let us turn to another feature of the low-frequency IR and Raman spectra of PMMA and its oligomers -the shoulder on the low-frequency wing of the studied band. In the initial (experimental) Raman spectrum of the PMMA, the frequency of the maximum of the boson peak ν BP is 16-18 cm -1 . 9, 18 After reduction the experimental spectrum to the coordinates ( ) ( ) /.
1 I N ν ν + , the boson peak transforms into a shoulder on the low-frequency wing of the band at the same frequency, ν BP ( Figure  1A) . When comparing reduced Raman spectra with the Fir-spectra given to the k (ν)/ν coordinates ( Figure 1B) , it can be seen that and in the reduced Fir-spectra PMMA a similar shoulder is also observed at the boson peak frequency ν BP ≈16-20 cm -1 . In order to clarify the molecular nature of the in the low-frequency wing of the libration band, we consider the reduced IR and Raman spectra of PMMA and its oligomers ( Figure 1 ) & ( Figure 2 ). It follows from them that with an increase in the length of the chain, the shoulder on the spectral curve shifts towards lower frequencies. The dependence of its position -ν BP on the length of the oligomer chain, expressed by the number of monomer units n, is presented in Figure 3 . The frequency of the main maximum of the band due to the libration of the monomeric unit also falls on this dependence. This confirms that the shoulder on the low-frequency wing of the main band also characterizes the libration motion, which, as the ν BP dependence on n shows, should be attributed to a motion in which several monomer units are involved. The graph in Figure 3 allows us to estimate the maximum number of chain links involved in this correlated libration movement. In the case of PMMA and its oligomers, it does not exceed 5-7 monomers. The length L of such a segment of the main chain can also be determined using the following expression: 9
Where с is the speed of light in vacuum, с t is the "transverse" speed of sound (shear wave velocity). For PMMA, c t ≈1.42 km/s. 18 Substituting this value and the frequency of the boson peak -1 17cm BP ν = into (2), we find that in PMMA, L  3 nm. The obtained value corresponds to the length of the section of the polymer chain of six monomer units and is close to the size of the statistical Kuhn segment for PMMA. 19 The statistical segment characterizes in this case the dynamic interconnection of neighboring monomers in the polymer chain.
It is noteworthy that the linear dimensions of the region of collective vibrational excitations and in other glassy polymers are comparable with the sizes of their statistical segments. Thus, from the analysis of the Raman spectra of glassy polystyrene (PS) and its oligomers, 20, 21 it follows that the size of this region here is 6-8 monomer units (the statistical segment of PS is equal to eight links 19 ). For polybutadiene 21 and polypropylene glycol, 22 the region of collective vibrational excitations includes 11 and 7 monomer units, respectively, which is also close to the values of the statistical segments for these polymers. If in expression (2) to substitute the value of the frequency of the maximum of the libration the band width ν=95 cm -1 , then the found value of the length of the segment of the polymer molecule is 0.5 nm, that is, the length of the monomer unit in PMMA.
Figure 1
Reduced Raman (a) and IR spectra (b) in the range of 10-120 cm -1 of PMMA (1) and its oligomers with n = 9 (2), 7 (3), and 2 (4).
Figure 2
Reduced Fir-spectra of PMMA (1, 2) , oligomer with n = 9 (3, 4) , oligomer with n = 7 (5, 6) and oligomer with n = 2 (7, 8) . At T = 90 (1, 3, 5.7) and 293 K (2, 4, 6, 8) in the range of 10 -40 cm -1 . The spectra of oligomers are shifted along the ordinate axis.
So, a wide band in the low-frequency IR and Raman spectra of PMMA and its oligomers with a maximum at 95 cm -1 characterize the torsional vibrations of the monomeric unit of the polymer, whereas the shoulder on its low-frequency wing at 16-18 cm -1 is due to correlated torsional vibrations involving several monomeric units. It is significant that the linear size of the region of correlated libration excitations found from the ν BP frequency in the low-frequency IR and Raman spectra corresponds to the length of the statistical segment-the minimal fragment of the polymer chain necessary for a rotational isomeric transition in it. The movement of fragments of such length, which takes place in the places of the least dense packing of macromolecules, underlies the β-relaxation. 19, 23 It is an analogue of the Johari-Goldstein relaxation 23 in low molecular weight vitrified liquids, which consists in the reorientation of the molecule under the action of thermal fluctuations. In this case, the molecule overcomes the potential barrier U 0 formed by its nearest environment. The β-transition is preceded by a universal γ-process: 23 Small-angle torsional vibrations -molecular libration, which, as already noted, causes the appearance of the Poley band in the low-frequency IR and Raman spectra of condensed media at the frequency ν libre . That is, using low-frequency IR and Raman spectra, one can directly determine both the parameters of the libration movement preparing β-relaxation and the sizes of the parts of the polymer chain involved in this movement during the β-transition. Turn again to Figure 2 . It can be seen from it that the intensity of the low-frequency wing of the libration band (in the frequency range below ν BP ) increases with increasing temperature. A similar effect was previously observed in the Raman spectra of glassy solids. 9 According to these studies, the increase in intensity below ν BP is due to the increasing contribution of the β-process with temperature. Consequently, the frequency of the bend in the lowfrequency IR and Raman spectra of PMMA corresponds; in addition, to the transition boundary from resonance absorption to relaxation, when the number of monomers involved in the libration movement is sufficient for conformational rearrangement in the polymer chain. 
Conclusion
Thus, analysis of the low-frequency IR and Raman spectra of PMMA and its oligomers showed the following.
The studied band-the Poley band-refer to the librations of the monomer unit, which determine the universal γ-process (δ-transition in polymer terminology). The maximum length of the correlation section of the macromolecule found from the frequency ν BP of the shoulder on the low-frequency wing of the studied band is close to the size of the statistical segment, the movement of which underlies the relaxation β-transition. Frequencies lower than the frequency of the boson peak ν BP correspond to the relaxation mobility of macromolecules, which is realized when the number of monomer units involved in the libration movement becomes sufficient to effect a conformational transition in the polymer chain.
